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(57) ABSTRACT 

Provided is a method of enhancing thermoelectric perfor- 
mance by surrounding crystalline semiconductors with nano- 
particles by contacting a bismuth telluride material with a 
silver salt under a substantially inert atmosphere and a tem- 
perature approximately near the silver salt decomposition 
temperature; and recovering a metallic bismuth decorated 
material comprising silver telluride crystal grains. 
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A cleavage surface SEM images ((a) and (b)) and TEM images ((c) and (d)) of the Ag 2 Te-based Bi 
nanoparticles decorated sample, (e) EDS spectra of nanoparticle ( as circled in (c) ) 
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METHOD OF CREATING MICRO-SCALE 
SILVER TELLURIDE GRAINS COVERED 
WITH BISMUTH NANOPARTICLES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This patent application is related to U.S. Provisional Patent 
Application No. 61/421,812. This patent application claims 
the benefit of U.S. Provisional Patent Application No. 61/448, 
748, filed Mar. 3, 2011. Both applications are incorporated 
herein by reference thereto. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH AND DEVELOPMENT 

This invention was made in part by employees of the 
United States Government and may be manufactured and 
used by or for the Government of the United States of 
America for governmental purposes without the payment of 
any royalties thereon therefor. 

BACKGROUND OF THE INVENTION 

Thermoelectric (TE) materials have unique advantages in 
directly converting any level of thermal energy into electrical 
power and solid-state cooling by a reverse mode. Although 
thermoelectric devices are regarded advantageously with 
their high reliability, their lack of moving parts, and their 
ability to scale to any sizes; the devices energy conversion 
efficiency remains generally poor. To improve the TEi perfor- 
mance, many approaches have been investigated over a half 
century. The efforts that have pushed the figure of merit (ZT) 
of TE materials up beyond 2 have been reported by several 
groups by employing low dimensional nanostructures, such 
as nanowires and nanoparticles. However, the TE perfor- 
mances reported by most of researches were based on those 
laboratory developed materials and test results. The device 
level performance of those TE materials reported has fallen 
short of the reported level of TE materials. Consequently, the 
performance of practical TE devices using those reported TE 
materials have rarely been better than the figure of merit 1 due 
to junction resistivity and an apparent mismatch of Seebeck, 
coefficients of TE and junction materials. 

BRIEF SUMMARY OF THE INVENTION 

Recently, many efforts have been made with new TE mate- 
rial designs that take advantage of the promising nanotech- 
nology for enhancing the performance of TE. The perfor- 
mance of TE materials is determined by three major 
components: Seebeck coefficient, electrical conductivity, and 
thermal conductivity. The Seebeck coefficient is an intrinsic 
material property that is mainly determined by material mor- 
phology and impurity contents. Otherwise, electrical and 
thermal conductivities of TE material can be manipulated to 
enhance the TE performance. Within a crystalline structure 
the thermal transport property is dictated by phonon trans- 
mission rather than energetic electrons. Accordingly, by low- 
ering phonon transmission through TE materials the thermal 
energy within the domain can be contained and used for 
harnessing electrons for conversion. Therefore, lowering 
thermal conductivity of TE materials is a key factor to 
enhance the performance of TE materials. The present inven- 
tion improves the performance of TE materials. Moreover, 
raising the electrical conductivity while reducing thermal 
conductivity goes against each other. Normally, both proper- 


2 

ties undergo with the same trend. To break the trend, new 
material designs are necessary. Crystalline structure of TE 
materials is essential as a majority phonon carrier for thermal 
transport. 

5 Accordingly, in at least one embodiment, the present 
invention provides a method of enhancing thermoelectric 
performance by surrounding crystalline semiconductors with 
metallic nanoparticles by contacting a bismuth telluride 
material with a silver salt under a substantially inert atmo- 
10 sphere and a temperature approximately near the silver salt 
decomposition temperature; and recovering a metallic bis- 
muth decorated material comprising silver telluride crystal 
grains. 

j 5 In another embodiment, the invention provides a method of 

surrounding crystalline semiconductors with metallic nano- 
particles, by beginning with a step of substantially dry mixing 
a Bi 2 Te 3 material having an average particle size less than 
about 100 pm, with a silver salt powder having a decompo- 
20 sition temperature greater than about 271 0 C., to form a mix- 
ture. Next, the mixture is heated under a substantially inert 
atmosphere and a temperature approximately near 300° C., 
and a metallic bismuth decorated material comprising Ag 2 Te 
crystal grains is recovered. 

25 In yet another embodiment, the invention provides a 
method of enhancing thermoelectric performance by mixing 
a semiconductor material composed of Bi 2 Te 3 having an 
average particle size less than about 100 pm, with a silver 
acetate hydrate powder, to form an acetic acid mixture, which 
11 1 is subject to a grinding step. Another step includes heating the 
acetic acid mixture under a substantially inert atmosphere and 
a temperature approximately near 300° C., wherein any oxy- 
gen generated is continuously removed. A further step 
35 includes recovering a metallic bismuth nanoparticle deco- 
rated material comprising Ag,Te crystal grains. Such bismuth 
nanoparticles are characterized as having a uniform particle 
distribution size range from about 50 to about 1 00 mu. 

Additional objects, embodiments and details of this inven- 
40 tion can be obtained from the following detailed description 
of the invention. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWING(S) 

45 

FIG. 1 shows a schematic for a new material design of 
thermoelectric crystalline semiconductors for controlling 
electron and phonon transports, wherein the grains shown in 
the figure indicate the formation of Ag 2 Te nano-crystals 
50 whose surfaces are covered with bismuth-rich nanoparticles. 

FIG. 2 (a) shows a cleavage surface SEM image of Ag 2 Te 
grain covered by bismuth metallic nanoparticles, ( b ) shows a 
backscattered electron SEM image, (c) shows a HAADF 
detector based S-TEM image, ( d ) shows a bright field TEM 
55 image, and ( e ) shows a EDS spectra of a nanoparticle circled 
in 2(c). 

FIG. 3 shows temperature dependencies of (a) Seebeck 
coefficient, (b) electrical resistivity, and (c) thermal diffusiv- 
ity of Ag 2 Te sample decorated with Bi-rich metallic nanopar- 
60 tides and Bi 2 Te 3 material itself. 

DETAILED DESCRIPTION OF THE INVENTION 

In general, the figure-of-merit for thermoelectric perfor- 
65 mance is described as follows: ZT=S 2 ctT/k, where S is the 
Seebeck coefficient, a the electrical conductivity, and k the 
thermal conductivity. As this equation indicates, the TE per- 
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formance improves if the material intrinsically has higher 
Seebeck coefficient, higher electrical conductivity, and lower 
thermal conductivity. 

In at least one embodiment, the invention includes a 
method of preparing a range of micro to nano-scale Ag 2 Te 
grains surrounded with bismuth-rich metallic nanoparticles 
as shown in FIG. 1. This type of morphological arrangement 
of Ag 2 Te grains covered with Bi metallic nanoparticles shows 
significant performance improvement by reducing its thermal 
conductivity from a grain to other grain through a separation 
gap which is greater than the phonon mean-free path. The 
separation gap is bridged by metallic bismuth nanoparticles 
that allow electrons pass through. The electrons passing 
through the metallic bridges sustain the level required for 
electrical conductivity of a TE material. The phonon which is 
a major thermal energy transport mechanism is scattered 
through the separation gap and the scattered phonon energy 
bumping through the separation gap is in transition to thermal 
energy that should be remained within the morphological 
domain of grain without conducting. The phonon transport 
through metallic bismuth nanoparticles are negligible since 
the boundaries of nanoparticle connecting from a grain to 
another grain also become phonon scattering interfaces. The 
energetic electrons that pass through the metallic bridges are 
the dominant thermal transport mechanism, but the ratio of 
thermal transport by energetic electrons is much less than 
30% of total thermal energy within the given low temperature 
and morphological domain of grains. The rest is done by 
phonon transmission. Thus, aspects of the present invention 
include (1) the processing technique to prepare Silver Tellu- 
ride (or called Telluric Silver) powders, coated with Bismuth- 
rich metallic nanoparticles, as well as (2) the idea of forming 
metallic nanoparticles bridges between the thermoelectric 
material grains to reduce thermal conductivity, while main- 
taining good electrical conductivity. In at least some aspects, 
the instant invention enables a new family of nano structured 
bulk thermoelectric materials. 

As background technology, workers at NASA Langley 
Research Center developed void generators (voigen) for 
nanovoids with a metal lining, which increased electrical 
conductivity while the nanovoids impeded phonon propaga- 
tion by scattering and reduced thermal conductivity of TE 
materials. For example, see US Published Patent Application 
Nos. 2009/0072078 A 1 and 2009/0185942 Al, which are 
incorporated herein by reference thereto. 

Silver telluride is known to have good thermoelectric prop- 
erties, with a known bulk thermoelectric figure-of-merit 
exceeding 1.0 at room temperature. We have developed a 
simple method to create micro-sized silver telluride grain 
powders surrounded by bismuth-rich metallic nanoparticles. 
A thermal process for alloy formation of Ag 2 Te was used with 
the mixture of bismuth telluride powders (Bi 2 Te 3 ) and silver 
acetate (CH 3 COOAg) powders. For example, during thermal 
loading, the chemical process for alloy formation can be 
described by the following reaction, when using a silver 
acetate hydrate powder and applying heat: 

2Bi 2 Te 3 +12CH 3 COOAg.6H 2 0^6Ag2Te+4Bi+ 

12CH 3 C00H+30 2 

The mixture of two powders contains enough water mol- 
ecules whose hydrogen replaces silver of silver acetate. The 
silver atoms replaced by hydrogen atoms form silver telluride 
molecules by tossing out bismuth atom from Bi 2 Te 3 . The 
tossed-out bismuth atoms aggregate together to form nano- 
sized particles while the acetic acid and oxygen are vaporized 
away at the reaction temperature. Interestingly, while the 
bismuth nanoparticles are developed, these bismuth nanopar- 
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tides position and anchor themselves over the surface of 
micro-sized silver telluride grains as shown in FIG. 2. 

In many aspects of the invention, the methods to fabricate 
Ag 2 Te grain decorated with bismuth nanoparticles are 
5 uniquely stated by several notable advantages of being 
simple, rapid, and inexpensive. Also, the methods do not 
require any mandatory solution processes: they can often just 
use precursor silver acetate powder, or other types of silver 
salts that are similarly characterized with a thermal decorn- 
to position temperature at or around that needed to form the 
metallic bismuth particles. In at least some preferred embodi- 
ments, the silver salts have a decomposition temperature that 
exceeds about 271° C. 

In some embodiments of the invention, the straightforward 
15 two-step process involves (1) dry mixing of precursor silver 
acetate with Bi 2 Te 3 semiconductor particles, and followed by 
(2) heating in substantial inert (e.g. argon, nitrogen, or other 
mixture) atmosphere. It has been verified that this process has 
an excellent repeatability. 

20 FIG. 1 illustrates an aggregated form of silver telluride 
crystals of which each crystal grain is surrounded by metallic 
bismuth nanoparticles. The bismuth nanoparticles connect- 
ing a silver telluride crystal grain to another neighboring grain 
play a role of bridge for facilitating electron transport from a 
2 5 crystal domain to another neighboring domain. The semicon- 
ductor crystals with a proper doping level still have abundant 
electrons available for conduction. At crystal boundaries, the 
electrons transport through metallic nanoparticles that are 
bridging gaps between crystals. Bi 2 Te 3 has semiconductor 
30 characteristics, but its band-gap is very narrow (band-gap of 
around 0.25 eV (2003, Journal of Experimental and Theoreti- 
cal Physics Letters 97, 1212)), which is often regarded as 
“bad metals”. Further, metallic bismuth nanoparticles or the 
Bij.^Te^, nanoparticles on Ag 2 Te crystal surfaces have an 
35 approximate Bi:Te stoichiometric ratio of about 9:1 or 
greater, which is regarded as a substantially Bi-rich phase. In 
this regard, all of these nanoparticles can be considered to 
have metallic characteristics-dominant properties. On the 
other hand, the domain boundaries of the nanocrystals are 
40 regarded as morphologically discontinuous and still scatter 
phonon transmission at their boundaries, regardless of a 
shorter mean free path of phonons. The metallic nanoparticle 
size and the uniform dispersion over the surface of bulk TE 
materials are important factors to determine the reduction 
45 level of thermal conductivity by setting up phonon bottle- 
necks between nanoparticles where phonon scatterings take 
place. Thi s effect, when combined with the electron transport 
through the bridges of metallic (bismuth) nanoparticles, can 
lead to large enhancement in the energy conversion effi- 
50 ciency. 

In at least one embodiment, the size of the bismuth nano- 
particles can be controlled by grinding time and speed. 
Known methods of grinding include using ball mills, mortar 
and pestle, and other similar, conventionally understood tech- 
55 niques available to those of ordinary skill in the art. 

The following examples further illustrate the invention but, 
of course, should not be construed as in any way limiting its 
scope. 

60 Example 

This example demonstrates an exemplary procedure for 
synthesizing Ag 2 Te crystal grains covered with Bi-rich metal- 
lic nanoparticles involving annealing a mixture of silver 
65 acetate (CH 3 COOAg, 99%, supplied by Sigma-Aldrich) 
powder and Bi 2 Te 3 (Bi 2 Te 3 , 99.98%, supplied by Alfa Aesar) 
powder in the inert (argon) atmosphere chamber approxi- 
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mately around the decomposition temperature ofAg salt. Two 
samples were prepared — the amount of silver acetate used to 
prepare the first and second samples were 30% and 50% of 
Bi2Te3 by weight, respectively. First, Bi 2 Te 3 and silver 
acetate powders were ground manually at room temperature 5 
using a mortar and a pestle for 10-20 minutes. Acetic acid, 
vinegar-like, was generated during this process. The 
CH 3 COOAg/Bi 2 Te 3 powder mixture was then transferred to a 
quartz crucible and heated in an argon atmosphere chamber to 
300° C. over 1 hour and kept at 300° C. isothermally for about to 
3 hours . Upon heating the silver acetate/Bi 2 Te 3 mixture above 
the salt decomposition at a temperature of about 300° C. (Cf. 
2009, ACS NANO 3, 871) in the chamber, the silver acetate 
was dissociated into silver and acetic acid by taking hydro- 
gen. Here, the batch process temperature which was similar to 15 
the salt decomposition temperature, 300° C., which was 
higher than the melting point of Bi of Bi 2 Te 3 , i.e. about 271° 

C. Hence, the bismuth apparently melted out of Bi 2 Te 3 and 
formed nano-sized metallic spheres, while the silver dissoci- 
ated from silver acetate at 300° C. and replaced bismuth to 20 
form Ag 2 Te grains. 

Through this process, it seems that silver substituted bis- 
muth of the bismuth- telluride molecule. Through this substi- 
tution process, the melted bismuth was smeared out from the 
grain of Bi 2 Te 3 and formed nanoparticles on the surface of the 25 
silver telluride crystals. This kind of synthetic process 
occurred at the nano-scale domain. The batch output product 
was then collected as a final form of silver telluride grains 
whose surfaces were covered with dangling bismuth nano- 
particles. 30 

For further characterization of Ag 2 Te crystal grain/Bi-rich 
nanoparticles, square-shaped pellets were prepared using a 
conventional, hot press method. The pellets composed of 
silver telluride grains decorated with Bi metallic nanopar- 
ticles were prepared under various metal loading levels, ther- 35 
mal treatment temperatures, and pressure levels. A sample 
used for thermoelectric characterization tests was prepared 
with 30% silver acetate by the weight of Bi 2 Te 3 and was 
pressed at 5 metric ton at 200° C. to make the 1 by 1 cm 2 
pellet. The pellets were sealed in a stainless steel mold and 40 
gradually heated to 200° C . After 1 hour, the mold was cooled 
slowly to the room temperature. 

A cleavage surface scanning electron microscope (SEM) 
micrograph of the Ag 2 Te coated with bismuth metallic nano- 
particles is shown in FIG. 2 (a)&(b). As shown in these SEM 45 
images, the Bi metallic nanoparticles are uniformly distrib- 
uted on Ag 2 Te grain surface. The sizes of Bi nanoparticles are 
fairly uniform (size ranges between about 50 to about 100 
mn). To obtain high-resolution compositional maps of a 
sample and quickly distinguish different phases, we obtained 50 
the backscattered electrons (BSE) image (FIG. 2 -(b)). Nano- 
particles have brighter BSE intensities than other areas. A 
“brighter” BSE intensity correlates with greater average Z (Bi 
rich) in the sample, and “dark” areas have lower average Z. 
This result confirms to the atomic number contrast (Z-con- 55 
trast) imaging using high-angle annular dark field (HAADF) 
detector (FIG. 3-(c)). A quantitative analysis of nano-particle 
from the energy dispersive (EDS) spectra confirmed an 
approximate stoichiometry ratio of Bi to Te of about at least 
9:1 (i.e. Bi-rich phase) (FIG. 3-(e)). A high resolution trans- 60 
mission electron microscope (HRTEM) image of a nanopar- 
ticle (not shown) demonstrated that it had a face-centered 
cubic (FCC) structure (the zone axis of the Fast Fourier trans- 
form (ITT) image was [011]) and was single crystalline. The 
transmission electron microscope (TEM) Bright Field image 65 
on FIG. 3 -(d) shows that Ag 2 Te grain powders are coated with 
bismuth-rich metallic nanoparticles, which are positioned as 
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bridges between thermoelectric Ag 2 Te grains. Additional 
data, not shown, indicated Ag 2 Te formation in regard to 
charge transport properties and by observing a characteristic 
metal-to-semiconductor transition (around about 400° K). 

Accordingly, methods of the instant invention were used to 
develop a materials processing technique to create the Ag 2 Te 
powders coated with bismuth-rich metallic nanoparticles, 
which demonstrated improved thermoelectric properties as 
summarized in FIG. 3, showing (a) the Seebeck coefficient, 
(b) the electrical resistivity, and (c) the thermal diffusivity of 
the samples. The Seebeck coefficient of Ag 2 Te grains covered 
with Bi metallic nanoparticles was increased compared to 
that of Bi 2 Te 3 (starting material) (FIG. 3 -(a)). It was consid- 
ered that the thermal energy transmission from a grain to 
another through grain boundaries which are connected by the 
bridges of bismuth nanoparticles is dictated by the energetic 
electron and phonon transmission. The morphology of Ag 2 Te 
was generally crystalline and through it the phonon transmis- 
sion was an overwhelming mechanism of energy transmis- 
sion. In such a material the energy transmission by energetic 
electrons comprises of less than 30% of all. Accordingly, the 
bismuth bridges that connect Ag 2 Te grains tolerate electrons 
to pass through for maintaining a good electrical conductiv- 
ity. but the phonon was scattered at both interfacing sides of 
the bismuth nanoparticle joining one grain to another of 
Ag 2 Te. Also the amorphous structure of bismuth nanopar- 
ticles was not a good medium for effective phonon transmis- 
sion. Considering these materials aspects of Ag,Te grain cov- 
ered with bismuth nanoparticles, the inventive design for an 
advanced TE material developed here warrants the material 
properties with low thermal and high electrical conductivities 
which are very favorable for TE applications. Thus, the nano- 
particle/matrix interface on grain geometry served as a ther- 
mal energy retarder for phonon while allowing electrons to 
move across the interfaces effectively. The thermal diffusivity 
is linearly related with the thermal conductivity. The test 
results show that the sample cake of Ag 2 Te grains covered 
with Bi-rich metallic nanoparticles has less than half of the 
thermal diffusivity ofBi 2 Te 3 (FIG. 3 -(c)). Further, despite the 
decrease in the thermal diffusivity, the electrical conductivity 
has been increased by twice (electrical resistivity decrease by 
twice) near the room temperature (FIG. 3 -(b)). 

The results suggest that the Bismuth metallic nanoparticles 
dangling on Ag 2 Te grain surface would play a major role in 
reducing the thermal conductivity, by promoting the phonon 
scatterings while enhancing the conduction of electrons. For 
the material model of Ag 2 Te grain covered by bismuth nano- 
particles we have discovered and fabricated, the Seebeck 
coefficient was slightly lower than that ofthe Bi 2 Te 3 sample at 
a low temperature up to 1 50° C. for a heating case as shown in 
FIG. 3(a). Otherwise, the test data for heating over 150° C. 
and cooling cases for the whole temperature range demon- 
strated higher Seebeck coefficients than that of Bi 2 Te 3 . How- 
ever, the Seebeck coefficient of Ag2Te appears generally 
lower than expected. This could be attributed to various 
causes. It could be a problem of Bi 2 Te 3 itself, which was used 
as a starting material. Seebeck coefficient of a pellet from the 
Bi 2 Te 3 powder we have acquired and prepared with the 
method identical to the description above, was significantly 
low compared to those of the Bi 2 Te 3 samples in general. 
However, after sieving and processing Bi 2 Te 3 powders of size 
under 1 00 pm for new material design samples and conduct- 
ing the identical experiment, Seebeck coefficient similar to 
that generally known for Bi 2 Te 3 sample was obtained. From 
this, it has been verified that the size of the Bi 2 Te 3 powder 
used as starting material determines the grain size of Ag 2 Te 
and plays a very important role for the current experiment. 
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Basically, nanometer-sized particles tend to aggregate due to 
large surface-to-volume ratio and high surface energy. In this 
regard, separation and uniform distribution of nanocrystal 
Bi — Te particles are one of the challenges in this work. It is 
expected that using smaller and uniformly sized Bi 2 Te 3 , a 5 
better figure of merit could be achieved. 

All references, including publications, patent applications, 
and patents, cited herein are hereby incorporated by reference 
to the same extent as if each reference were individually and 
specifically indicated to be incorporated by reference and to 
were set forth in its entirety herein. 

The use of the terms “a” and “an” and “the” and similar 
referents in the context of describing the invention (especially 
in the context of the following claims) are to be construed to 
cover both the singular and the plural, unless otherwise indi- 15 
cated herein or clearly’contradicted by context. The terms 
“comprising,” “having,” “including,” and “containing” are to 
be construed as open-ended terms (i.e., meaning “including, 
but not limited to,”) unless otherwise noted. Recitation of 
ranges of values herein are merely intended to serve as a 20 
shorthand method of referring individually to each separate 
value falling within the range, unless otherwise indicated 
herein, and each separate value is incorporated into the speci- 
fication as if it were individually recited herein. All methods 
described herein can be performed in any suitable order 25 
unless otherwise indicated herein or otherwise clearly con- 
tradicted by context. The use of any and all examples, or 
exemplary language (e.g., “such as”) provided herein, is 
intended merely to better illuminate the invention and does 
not pose a limitation on the scope of the invention unless 30 
otherwise claimed. No language in the specification should be 
construed as indicating any non-claimed element as essential 
to the practice of the invention. 

Preferred embodiments of this invention are described 
herein, including the best mode known to the inventors for 35 
carrying out the invention. Variations of those preferred 
embodiments may become apparent to those of ordinary skill 
in the art upon reading the foregoing description. The inven- 
tors expect skilled artisans to employ such variations as 
appropriate, and the inventors intend for the invention to be 40 
practiced otherwise than as specifically described herein. 
Accordingly, this invention includes all modifications and 
equivalents of the subject matter recited in the claims 
appended hereto as permitted by applicable law. Moreover, 
any combination of the above-described elements in all pos- 45 
sible variations thereof is encompassed by the invention 
unless otherwise indicated herein or otherwise clearly con- 
tradicted by context. 

The invention claimed is: 

1. A method of enhancing thermoelectric performance by 
surrounding crystalline semiconductors with metallic nano- 
particles, said method comprising: 

(a) contacting a semiconductor material comprising a bis- 
muth component and a telluride component with a silver 
salt under a substantially inert atmosphere and a tem- 
perature approximately near the silver salt decomposi- 
tion temperature; and 

(b) recovering a metallic bismuth nanoparticle decorated 
material comprising silver telluride crystal grains. 

2. The method of claim 1, wherein the silver salt comprises 
silver acetate. 

3. Hie method of claim 1, wherein the substantially inert 
atmosphere comprises argon. 

4. The method of claim 1, wherein the decomposition 
temperature is about 300° C. 
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5. The method of claim 1, wherein the semiconductor 
material comprises Bi 2 Te 3 . 

6. The method of claim 5, wherein the silver salt is selected 
to have a decomposition temperature greater than about 271° 
C. 

7. The method of claim 1, wherein the silver telluride 
crystal grains comprise Ag 2 Te. 

8. The method of claim 1, wherein the step of contacting 
further comprises a first step of substantially dry mixing to 
form a mixture, and a second step of heating the mixture. 

9. The method of claim 8, wherein the step of substantially 
dry mixing further comprises a grinding step. 

10. The method of claim 1, wherein the semiconductor 
material is characterized as having an average particle size 
less than about 100 pm. 

1 1 . The method of claim 10, wherein the metallic bismuth 
nanoparticles are characterized with a uniform particle dis- 
tribution size range from about 50 to about 100 nm. 

12. The method of claim 1, wherein the decorated material 
further comprises Bi 2 Te 3 . 

13. A method of enhancing thermoelectric performance by 
surrounding crystalline semiconductors with metallic nano- 
particles, said method comprising: 

(a) substantially dry mixing a semiconductor material 
comprising Bi 2 Te 3 having an average particle size less 
than about 100 pm, with a silver salt powder having a 
decomposition temperature greater than about 271° C., 
to form a mixture; 

(b) heating the mixture under a substantially inert atmo- 
sphere and a temperature approximately near 300° C.; 
and 

(c) recovering a metallic bismuth nanoparticle decorated 
material comprising Ag 2 Te crystal grains. 

14. The method of claim 13, wherein the silver salt com- 
prises silver acetate. 

15. The method claim 14, wherein the silver acetate com- 
prises water hydrate, and wherein the step of substantially dry 
mixing generates acetic acid. 

16. The method of claim 15, wherein the step of heating 
generates oxygen which is continuously swept from the mix- 
ture. 

17. The method of claim 13, wherein the step of substan- 
tially dry mixing further comprises a grinding step. 

18. The method of claim 13, wherein the metallic bismuth 
nanoparticles are characterized as having a uniform particle 
distribution size range from about 50 to about 1 00 nm. 

19. A method of enhancing thermoelectric performance by 
surrounding crystalline semiconductors with metallic nano- 
particles, said method comprising: 

(a) mixing a semiconductor material comprising Bi 2 Te 3 
having an average particle size less than about 100 pm, 
with a silver acetate hydrate powder, to form an acetic 
acid mixture; 

(b) grinding the acetic acid mixture; 

(c) heating the acetic acid mixture under a substantially 
inert atmosphere and a temperature approximately near 
300° C., wherein any oxygen generated is continuously 
removed; and 

(d) recovering a metallic bismuth nanoparticle decorated 
material comprising Ag 2 Te crystal grains, wherein the 
metallic bismuth nanoparticles are characterized as hav- 
ing a uniform particle distribution size range from about 
50 to about 100 nm. 

20. The method of claim 19, wherein the decorated mate- 
rial further comprises Bi 2 Te 3 . 





